Controlled coupling of a single nitrogen-vacancy center to a silver nanowire 
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We report on the controlled coupling of a single nitrogen-vacancy (NV) center to a surface plasmon 
mode propagating along a chemically grown silver nanowire. We locate and optically characterize 
a single NV-center in a uniform dielectric environment before we controUably position this emitter 
in the close proximity of the nanowire. We are thus able to control the coupling of this particular 
emitter to the nanowire and directly compare the photon emission properties before and after the 
coupling. The excitation of single plasmonic modes is witnessed and a total rate enhancement by a 
factor of up to 4.6 is demonstrated. 

PACS numbers: 73.20.Mf, 42.50.Ct 



Strong enhancement of the fluorescence and scattered 
light from a single molecule, quantum dot, or nitrogen 
vacancy (NV) center can be observed by placing the 
particle in the vicinity of a metallic nano-sphere [l|-l5|- 
This enhancement arises due to the excitation of strongly 
conhned and localized surface plasmon on the metallic 
sphere. Despite the strong enhancement of emissive pro- 
cesses, the resulting photon emission in those realizations 
does not couple preferably to a dedicated spatial mode 
and are thus not directly suitable for applications in, for 
instance, quantum information processing where the cou- 
pling between a single spatial mode and a single emitter 
is often a requirement for scalability. 

To obtain an efficient coupling to a specific spatial 
mode while exploiting the enhancement properties of 
strongly confined surface plasmons, it has been suggested 
to use propagating plasmons on cylindrical wires as op- 
posed to localized plasmons Q. By using this method, it 
is possible to enhance the emissive process into one par- 
ticular propagating plasmon mode which can be further 
transferred into a photonic mode of an optical waveg- 
uide with high efficiency 0, S] • Such a light-matter inter- 
face mediated by surface plasmons can be used to ef- 
ficiently generate single photons and to enable strong 
non-linearities at the single photon level which can be 
exploited to make a single photon transistor [§] or to 
perforrn a near error-free deterministic Bell measure- 
ment [io|. 

The coupling of individual single photon emitters to 
propagating surface plasmon modes on individual sil- 
ver nanowires has been demonstrated for CdSe quan- 
tum dots [llj and for NV-centers in nano-crystal dia- 
monds [l^ . In these experiments, however, the wire- 
crystal systems were not deterministically assembled thus 
rendering the rate enhancement estimation highly un- 
certain. By comparing an ensemble of uncoupled sin- 
gle emitters with an ensemble of coupled single emitters, 
they estimated rate enhancement factors of 1.7 ll| and 
2.5 [H. 

In this letter, we demonstrate the controlled coupling 
of a single NV-center in a diamond nano-crystal to a sur- 



face plasmon mode propagating along a silver nanowire. 
The wire-crystal system is deterministically assembled by 
the use of an atomic force microscope. This approach al- 
lows us to directly compare the emission properties of a 
particular NV-center in a homogeneous dielectric envi- 
ronment with the emission properties of the same emit- 
ter but placed in the near vicinity of a silver nanowire 
supporting a propagating surface plasmon mode. The 
coupling to the propagating surface plasmon mode is evi- 
denced by a decrease in the emitter lifetime and the emis- 
sion of a single photon is verified by a measurement of 
the second-order correlation function. 
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FIG. 1: (Color online). Experimental setup: TAG - time 
to amplitude converter, APDl and APD2 - avalanche photo 
diode detection channel 1 and 2, respectively, g - galvanomet- 
ric mirror, BS - 50/50 beam splitter, and HWP - half wave- 
plate. The transmitted spectrum of the fluorescence hlter F 
lies between 647 nm and 785 nm. 



Our experimental setup is a home-built inverted scan- 
ning confocal microscope using an oil immersion objec- 
tive with a numerical aperture of 1.4 combined with a 
coaxially aligned atomic force microscope (AFM, NT- 
MDT SMENA), as illustrated in Fig. [H For the exci- 
tation of NV-centers we either use a continuous wave or 
a pulsed laser, both operating at a vacuum wavelength 
of 532 nm. The pulsed laser has a repetition rate of 
5.05 MHz and a pulse width of 4.6 ps. The fluorescence 
emission from the sample is collected by two optical chan- 
nels and detected with avalanche photo diodes APDl 
and APD2, respectively. The channel of APDl is di- 
rectly aligned with the pump beam, while the channel 
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of APD2 is decoupled from the pump beam via a gal- 
vanometric mirror, as illustrated in Fig. [TJ The fluores- 
cence filters placed in front of both detectors are highly 
transmissive for photon wavelength between 647 nm and 
785 nm. APDl and APD2 compose, together with the 
beam splitter BS, the well known Hanbury-Brown and 
Twiss interferometer used for the characterization of a 
single photon source [l^l- The AFM can be operated in 
tapping mode or contact mode. Tapping mode opera- 
tion is used to record the topography of the sample and 
with this to measure the height of the nanowire and the 
diamond crystals as well as the lateral position of indi- 
vidual nano-crystals with respect to the silver nanowire. 
By using the AFM in contact mode operation we are 
able to controllably push a chosen diamond nano-crystal 
across the sample. This technique is used to place a sin- 
gle diamond nano-crystal near a silver nanowire, thus 
controllably coupling the NV-center to the propagating 
plasmonic mode. 
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FIG. 2: (Color online). AFM topography of the nanowire 
and the nano-diamond containing the investigated NV-center 
(white circle). The inset shows the height profile of the wire 
and the diamond, taken along the black dashed line. 

The sample was prepared on a plasma cleaned fused 
silica substrate. After the cleaning process, we first spin- 
coat nano-diamonds with sizes < 50nm (MSY 0-0.05, Mi- 
crodiamt AG) on the sample. Only a few of the nano- 
diamonds are optically active containing a single NV- 
defect. Chemically grown silver nanowires with diame- 
ters in the range 50 — 70nm and length of 1 — lO^m fab- 
ricated by a polyol reduction process of silver nitrate 
were subsequently spin-coated on the substrate resulting 
in a sufficient number of individual and well separated 
nanowires. 

We started the experiment by recording a fluores- 
cence image with APDl. The AFM topography image 
of the same area was then used to locate a suitable nano- 
diamond containing a single NV-defect. This diamond 
was separated from other diamonds and brought near 
the nanowire for characterizing the NV-center in a uni- 
form dielectric environment. At this step of the experi- 



ment, the diamond was still well separated from the silver 
nanowire, as illustrated by the AFM-topography image 
shown in Fig. [2] In the inset of Fig. [2] we present the 
height profile of the silver nanowire and the diamond, 
which at maximum were measured to be 55 nm and 
27 nm, respectively. The length of the nanowire was 
measured with the AFM to be about 2.8/im. With the 
diamond in this position, we measure the decay time tq 
of the NV-center's excited state, which is shown by the 
black dots in Fig. [3l A single exponential fit yields an 
excited state lifetime of tq ~ 17.3 ± 0.1 ns. In contrast 
to NV-centers in bulk diamond, where an excited state 
lifetime of To^buik ~ 12ns is usually measured 14, 1^, we 
attribute the increased lifetime to the decreased effective 
refractive index of the surroundings, which is significantly 
smaller than the refractive index of bulk diamond. The 
measured second order correlation function g^lj) of this 
NV-center is presented by the black dots in Fig. |4] and 
the red line is a best fit to the data using the model of 
Ref. [l3]- The emission of single photons is clearly con- 
firmed by the fact that g'^^^(O) is well below 0.5. By mea- 
suring the fiuorescence count rate as a function of the 
linear polarization of the pump beam, we verified that 
a large component of the NV-centers dipole moment is 
aligned perpendicular to the nanowire axis [3, • 
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FIG. 3: Fluorescence lifetime measurement of the uncoupled 
NV-center in a uniform dielectric environment (black dots) 
and of the same NV-center after it has been coupled to the 
propagating SPP mode of the silver nanowire (open circles). 

As a next step, we carefully push the nano-diamond 
in the very close proximity of the nanowire by operat- 
ing the AFM in contact mode. The final position of the 
nano-diamond near the silver nanowire is indicated by 
the white arrow in the AFM topography image shown in 
Fig- El (a)- The NV-centers dipole moment is still largely 
aligned perpendicular to the nanowire axis, which was 
verified by a new measurement of the count rate as a 
function of the linear polarization of the pump beam. As 




FIG. 4: (Color online). Second order correlation function 
measurement of the uncoupled NV-center (black dots) and 
the coupled NV-center with both detectors aligned to spot 
'A' (open dots) and APDl aligned to spot 'A' and APD2 
aligned to spot 'B' (open triangles). The lines are a best fit 
to the data: red - uncoupled, green - coupled AA, and blue - 
coupled AB. 



a consequence, the NV-center now feels a changed dielec- 
tric environment compared to its previous position. This 
is witnessed by the decrease of its excited state lifetime, 
as shown by the open circles in Fig.[3l Directly compared 
to the Ufetime tq of the NV-center in its previous posi- 
tion, we measured a decrease of the excited states lifetime 
of the coupled system ti by a factor of to/ti w 3.6 ± 0.1. 
Now, the NV-center does not only radiate to the far field, 
but also couples to the propagating plasmonic mode of 
the silver nanowire (|. 

Evidence for the excitation of the propagating plas- 
monic mode is given by the fluorescence image recorded 
with the detector APD2, which is shown in Fig. [S] (b). 
This image has been obtained by continuously exciting 
the NV-center while scanning the image plane using the 
galvanometric mirror. Two emission spots can be seen in 
Fig.[5](b). The emission spot labeled as 'A' in Fig. [5](b) 
comprises the radiative emission from the NV-center to- 
gether with emission from the nearby nanowire end face. 
Spot 'B' in Fig.[5](b) only comprises emission from the far 
nanowire end face. The intensity measured from spot 'B' 
is thus proportional to the coupl ing of the NV-center to 
the propagating plasmonic mode 
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exact estimation of the NV-center coupling to the propa- 
gating plasmonic mode by measuring the intensity of spot 
'B' is difficult due to plasmon propagation losses along 
the nanowire and the complex reflections at the nanowire 
end face in conjunction with the broad emission spectrum 
of the NV-center. 

The g'^'^^r) function measurement with the detectors 
APDl and APD2 being both aligned on emission spot 



FIG. 5: (Color online), (a) AFM image taken after the nano- 
diamond has been located near the wire. The location of the 
diamond is indicated by the white arrow, (b) Photolumines- 
cence image of the coupled NV-center nanowire system, taken 
while continuously exciting the NV-center, scanning the sam- 
ple with the galvanometric mirror and recording the signal 
with APD2. Encoded in the color scale is the APD signal in 
counts/s. 



'A' is shown by the open dots in Fig. |4l With the open 
triangles we present the S'^^^(t) function measurement 
between emission spot 'A' and 'B'. The green and blue 
line represent a best fit to the data for both measurement 
realizations. In both cases, a g^'^\0) < 0.5 confirms the 
generation of single photons, and the excitation of single 
propagating surface plasmon modes is confirmed by the 
measurement between spot 'A' and 'B'. 

Finally, we compare our experimental results with the- 
oretical predictions Q . In Fig. [HI we plot the total rate 
enhancement for the relevant range of nanowire diame- 
ter and emitter distance from the nanowire surface. The 
calculation is done for a vacuum wavelength of 700 nm 
and we use the Drude model to estimate the electric per- 
mittivity eAg of silver In order to account for the 
relatively high refractive index of diamond, the electric 
permittivity of the dielectric medium ei surrounding the 
nanowire was set to 3 in the calculation. For the nanowire 
diameter of 55 nm and a diamond height of 27 nm we ex- 
pect from these calculations a total rate enhancement of 
3.8, assuming that the NV-center is located at the max- 
imum position of 27 nm away from the nanowire surface 
and that the NV-centers dipole moment is aligned paral- 
lel to the radial electric field component of the prop- 
agating plasmonic mode. This expected rate enhance- 
ment is in good agreement with our experimental result 
of 3.6 ± 0.1. We emphasize that only for parallel align- 
ment of the NV-centers dipole moment to E,., an efficient 
coupling to the propagating plasmonic mode is achieved, 
since for the relevant range of parameter jE^j ^ |Er|, 
where E^ is the plasmon electric field along the nanowire 
axis. 

In TABLE U we summarize the relevant physical pa- 
rameters for various NV-center/nanowire systems that 
we have successfully assembled. For all realizations we 
observe the excitation of a single surface plasmon, con- 
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FIG. 6: (Color online). Total rate enhancement as a func- 
tion of nanowire diameter and NV-center distance from the 
nanowire surface d! . The open white circles indicate the min- 
imum expected total rate enhancement for each nanowire 
diameter and diamond height, the black filled dots are the 
experimentally measured rate enhancement factors for each 
nanowire diameter, and the white arrows are a guide to the 
eye to indicate data related via the same nanowire diameter. 



firmed by g^'^\Gi) < 0.5. The coupling to the propagating 
plasmonic mode was witnessed by strong rate enhance- 
ment factors To /ri and verified by the observation of pho- 
ton emission from the nanowire end face. In addition to 
the experimentally obtained rate enhancements we also 
present the minimum expected rate enhancement in col- 
umn four of TABLE [H calculated under the assumption 
that the NV-centers dipole moment is aligned parallel to 
Eir- All measured and calculated enhancement factors 
are graphically illustrated in Fig. \6\ 



nanowire 
diameter 
(nm) 


diamond 
height 
(nm) 


total rate 
enhancement 

To /ti 


min. 

expected rate 
enhancement 


65 


45 


4.6±0.1 


2.2 


60 


40 


2.9±0.1 


2.4 


51 


40 


4.4±0.2 


2.4 


63 


17 


3.6±0.1 


5.7 


50 


35 


4.2±0.1 


2.8 



TABLE I: Summary of the relevant physical parameters of 
successfully assembled NV-center /nanowire systems. 

In view of improving the coupling efhciency of the NV- 
center to the plasmonic mode it is necessary to decrease 
both the diameter of the nanowire and the size of the 
diamond, as can be seen from Fig. |6l Thinner nanowires 
can, for instance, be obtained by an optimization of the 
nanowire fabrication process [19|. As an alternative, it 
might also be possible to sculpture nanowires from chem- 



ically prepared metallic flakes using focused ion beam 
milling _205 . The latter technique will have the advantage 
of gaining ultimate control over the nanowire dimensions. 
We have found experimentally, that nanowires made by 
electron beam lithography and thermal metal deposition 
are not suitable for coupling single NV-centers to their 
propagating plasmonic mode. Fluorescence from those 
nanowires largely overlaps with the emission spectrum 
of a NV-center, which as a direct consequence limits the 
possibility of detecting single photons. Surface roughness 
of lithographically prepared nanowires further limits the 
propagation distance of plasmonic modes [2l|. Nano- 
diamonds with sub- 10 nm diameters containing single 
NV-centers with stable photon emission rates have re- 
cently been reported in the literature 2^ [23 1 . 

In conclusion, by the aid of an atomic force microscope 
we have nano- assembled a system comprising a single NV 
center in a nano-crystal diamond and a chemically grown 
silver nanowire. This method allowed us to directly com- 
pared the emission properties of a single NV-center in a 
uniform dielectric environment with the emission prop- 
erties of the same emitter coupled to the nano- wire. An 
enhancement of the NV-centers decay rate by a factor 
of 4.6 is directly measured and the excitation of single 
surface plasmons is evidenced by the observation of sin- 
gle photon emission at the far end of the nanowire. We 
believe that the method presented in this article in com- 
bination with smaller diamonds and optimized metallic 
structures will pave the way for strongly coupled plas- 
monic systems. 
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